It is now commonly believed that the present systems of life were preceded by an 'RNA world' in which RNA molecules functioned as both information stores and reaction catalysts. However, the problems of understanding how such an RNA world could have originated are numerous. On the purely synthetic level, the prebiotic sources of ribose and phosphate remain largely unclear, and the more complex question of how specific nucleosides and nucleotides were synthesized is still a puzzle. The problem of how oligonucleotides were made, given a supply of suitable mononucleotide precursors, appears somewhat less daunting [1] . But the problems of chirality have appeared to be very severe, as the first autocatalytic RNA molecules would clearly have to be homochiral. It is far from easy to see how such homochiral molecules could have been generated in a prebiotic environment.
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Considerable effort has been directed toward finding an amplification mechanism by which a homochiral polynucleotide template, however produced originally, might selectively catalyze the oligomerization of like-handed monomers. This hope has been frustrated by the phenomenon of 'enantiomeric cross-inhibition' -the inhibition of template-directed oligomerization of activated mononucleotides when both D-and L-enantiomers are present in the reaction mixture [2] . The severity of this problem stimulated the suggestion that RNA might have been preceded in evolution by an achiral precursor [3, 4] . In pursuit of this goal, the achiral, polyamide-based analogue 'peptide nucleic acid' was shown to be effective as a template for the oligomerization of mononucleotides, as well as itself being produced in an oligomerization reaction catalyzed by oligoribonucleotides [5] . However, enantiomeric cross-inhibition was found to be as severe in this system as with RNA [6] . But now Bolli et al. [7] have reported some remarkable results on chiral selection with another RNA analogue, 'pyranosyl-RNA'.
Pyranosyl-RNA (p-RNA) is an isomer of RNA in which ribose is present in the pyranose, rather than the furanose, form, and phosphodiester linkages are between the 2′ and 4′ positions, rather than the 3′ and 5′ as in RNA (Figure 1 ). Eschenmoser and his coworkers [8] have shown that the formation of hydrogen-bonded complexes between oligomers in this system is both stronger and more selective than in RNA. This appears to be a consequence of the geometry of the p-RNA backbone, which is characterized by a quasi-linear structure with a rather large inclination between the planes of the base pairs and the direction of the internucleotide linkages. As a consequence, duplexes acquire additional stabilization by means of inter-strand base stacking. Double-stranded p-RNA complexes are formed exclusively on the basis of Watson-Crick, purine-pyrimidine pairs between antiparallel chains. Neither Hoogsteen, nor reverse-Hoogsteen purine-purine self-pairing is observed, unlike in RNA where they occur and are responsible for the formation of multi-strand complexes. Template-directed ligation of p-RNA oligomers is possible if a terminal phosphate group of the p-RNA oligomer, the 2′ phosphate for example, is activated so as to form an energetically rich, cyclic 2′,3′ phosphate. In the presence of a complementary template, the p-RNA cyclic phosphate spontaneously condenses with the 4′ hydroxyl group of a second oligomer.
Bolli et al. [7] have studied the self-assembly of p-RNA tetramers with sequences chosen to be partially selfcomplementary and overlapping, such as ATCG (Figure 2a ). Such sequences are capable of growing by extension, in both directions, of the initially formed duplex. This kind of template-directed oligomerization is neither autocatalytic nor truly self-replicative, as no chain separation occurs spontaneously. It is, however, quite efficient in producing longer oligomers, although such products are relatively devoid of information. This is not the case when tetramers such as GCCG and DTCG are copolymerized (where D is 2,6-diaminopurine which forms three hydrogen bonds with T). These oligomers are capable of copolymerizing in a cooperative manner, while introducing a random element into both growing chains. In principle, therefore, very diverse libraries of sequences can be produced (Figure 2b ).
Bolli et al. [7] went on to investigate the effects of introducing a mixture of enantiomers into the starting tetramers, and found a strong selectivity for incorporation of homochiral oligomers. In the case of the oligomer GCCG, for example, introducing a single (L)-nucleotide produced a reduction in the yield of higher oligomers of at least one order of magnitude for one diastereoisomer (LDDD) and three orders of magnitude for each of the three other possible diastereoisomers. Furthermore, when the entire mixture of the unsubstituted (all-D) oligomers and the four possible enantiomerically monosubstituted oligomers was allowed to react, the extent of oligomerization of the homochiral oligomer was only slightly reduced.
Extrapolation of these and other results from the authors leads to the conclusion that predominantly homochiral D and L libraries would spontaneously arise out of a random enantiomeric mixture by this type of oligomerization mechanism.
A further and highly significant conclusion is that the homochiral D and L libraries would not constitute a racemic set, but would be nonequivalent. The reason for this is that, as cooperative self-assembly of sequences proceeds, the total number of possible sequences for the products would soon greatly exceed the actual number of sequences present. The two libraries would therefore not be equivalent and if some uniquely favorable sequence were to arise, it would be uniquely D or L, but not both. This conclusion is, of course, quite general for polynucleotides. Although the argument, seen with the clarity of hindsight, appears to be rather obvious, it has apparently not previously been invoked in discussions of chiral symmetry breaking. These are extraordinary experiments and conclusions. What do they tell us about the likely origins of an RNA world?
In the work of Bolli et al. [7] , the p-RNA sequences, oligomer length and the nature of the activated group have all been optimized for the task of self-selective ligation. Is it possible that a set of conditions can also be found to permit a similarly selective ligation of RNA oligomers? Although much more work has been done with template-directed oligomerization of monomers, ligation of RNA oligomers appears to be more problematical than reactions in the p-RNA system. Thus, in a study of the poly(U)-catalyzed ligation of hexa-adenylic acid terminated by a 2′,3′ cyclic phosphate, the product was predominantly 2′-5′ linked, even though the reacting oligomers were 3′-5′ linked [9] . The use of 2-methylimidazole to activate terminal 5′-phosphates of oligomers can be expected to be a more successful approach to achieving synthesis of a 3′-5′ linkage, but limitations observed in the oligomerization of monomers [10] , as well as problems related to the sequence specificity during ligation of oligodeoxyribonucleotides [11] , do not encourage optimism that selectivity similar to that achieved with p-RNA oligomers will be possible with RNA.
It would appear then, that the possibility that something like p-RNA preceded RNA in evolution must be taken seriously. It is important to stress that p-RNA is an example of a possible alternative nucleic acid structure, and has not been presented by Eschenmoser and colleagues as a potential prebiotic molecule. A purely formal pathway has been proposed for the production of a p-RNA backbone, but the chemistry suggested must be viewed as being difficult to achieve experimentally [12] . A related structure has been proposed as a possible prebiotic variant of p-RNA, but has not been synthesized [13] . Perhaps still other systems exist that offer both favorable properties as RNA precursors and chemistry simple enough to be considered to be potentially prebiotic.
There are still formidable problems to be overcome in understanding the possible prebiotic origin of a self-replicating molecule. The mechanism discussed here, template catalysis and chiral selection in the growth of oligomers, generates sequences which are unable to dissociate spontaneously. Therefore, as is also usual in such schemes for RNA, temperature cycling or some similar mechanism is needed to permit true autocatalytic selfreplication to occur. Nevertheless, Bolli et al. [7] have succeeded in overcoming a major barrier in this field. It is interesting that the self-selectivity demonstrated in these experiments disposes of the necessity of invoking enantiomeric enrichment schemes for monomers at an early stage of chemical evolution. As has long been suspected by biologists, self-organizing molecules such as nucleic acids are capable of bootstrapping themselves out of enantiomeric chaos.
